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Akio KobayashiAbstract
We present a long-term slow slip event from 1996 to 1997 in the Kii Channel along the Nankai Trough in southwestern
Japan that has not been reported previously. The long-term slow slip event had a moment magnitude Mw 6.7 and a
duration of 1 to 1.5 years. The magnitude of the event was smaller than those of the Tokai (Mw 7.1) and the Bungo
Channel (Mw 7.0 to 7.1) events along the Nankai Trough. The slip was located slightly shallower than the depth of the
low-frequency earthquakes around the Kii Channel. Long-term slow slips have been identified in various regions along
the Nankai Trough, except in the Kii Peninsula. Unveiling the history of long-term slow slips is expected to contribute
to an understanding of plate boundary characteristics as well as to the prediction of large earthquakes along the
Nankai Trough.
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Various types of slow slip events (SSEs) have been
reported along subduction plate boundaries. These
events tend to exhibit large variations in duration, mag-
nitude, and recurrence behavior (Schwartz and Rokosky
2007). Along the Nankai Trough of Japan, Hirose et al.
(1999) detected a SSE with a duration of 1 year in the
Bungo Channel region. Additionally, Ozawa et al. (2002)
described a SSE in the Tokai region that continued for
about 5 years (Suito and Ozawa 2009). In Cascadia, Dragert
et al. (2001) documented a SSE that lasted for a period of
several weeks. Furthermore, Obara et al. (2004) reported
SSEs in the Shikoku area of Japan that lasted for several
days and were accompanied by non-volcanic deep low-
frequency tremors, which are referred to as episodic tremor
and slip (ETS) (Rogers and Dragert 2003). SSEs have also
been reported in Mexico (Lowry et al. 2001), southern
Alaska (Freymueller et al. 2002), New Zealand (Douglas
et al. 2005), and Costa Rica (Protti et al. 2004).
In the Nankai Trough, SSEs with durations of several
days are called short-term SSEs, and SSEs with durations
of several months or years are called long-term SSEs
(Obara 2011). The ETS phenomena consist of tremor epi-
sodes, deep very-low-frequency earthquakes, and short-Correspondence: akobayas@mri-jma.go.jp
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in any medium, provided the original work is pterm SSEs in southwestern Japan (Obara 2011). The slip
area for long-term SSEs lies between the slip area of ETS
events and the source region of large earthquakes (Obara
2011). Hirose et al. (2010) discussed slow earthquakes in-
cluding ETS events, long-term SSEs, and shallow very-
low-frequency earthquakes in the Nankai Trough and
highlighted the importance of monitoring slow earth-
quakes as proxies for the stress modulation process. SSEs
perturb the surrounding stress field and may either in-
crease or relieve stress on a fault, thereby bringing it closer
to or farther from earthquake failure, respectively
(Schwartz and Rokosky 2007).
Deep low-frequency tremors are distributed in a belt-
like zone for 600 km along the Nankai Trough (Obara
2011); this is the area where the Philippine Sea plate is
subducting beneath the Eurasian plate (Figure 1). The
Japan Meteorological Agency has estimated source locations
of the tremors as low-frequency earthquakes in their seismic
catalog (Katsumata and Kamaya 2003). Long-term SSEs
have been observed in the Bungo Channel and Tokai
region of this plate boundary using Global Positioning
System (GPS) data. Small long-term SSEs have also
been reported in western Shikoku (Kobayashi 2010)
and in Hyuga-nada (Yarai and Ozawa 2013). However,
it is not yet clear whether long-term SSEs occur in
other segments. Specifically, it is not known whether
such events have not been observed because theirOpen Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly credited.
Figure 1 Regional tectonic setting and location of the study
area. Solid lines indicate plate boundaries. The rectangle is the
region shown in Figure 2. Red dots indicate the epicenters of
low-frequency earthquakes along the Nankai Trough from January
2006 to December 2010. Stars indicate the epicenters of the 1944
Tonankai and the 1946 Nankai earthquakes. Labels A to D show
locations of long-term slow slip events (SSEs) along the Nankai
Trough observed by GPS. A: Tokai (Suito and Ozawa 2009). B: western
Shikoku (Kobayashi 2010). C: Bungo Channel (Hirose et al. 2010).
D: Hyuga-nada (Yarai and Ozawa 2013).
Kobayashi Earth, Planets and Space 2014, 66:9 Page 2 of 7
http://www.earth-planets-space.com/content/66/1/9magnitude is small or because their recurrence interval
is long. In this study, we report a newly revealed long-
term SSE in the Kii Channel that was discovered
through an investigation of GPS daily coordinate data.
Methods
GPS data
The dense continuous GPS network in Japan, called
GEONET, is operated by the Geospatial Information Au-
thority of Japan (Miyazaki et al. 1997). Since the start of
the GEONET operation, there have been several changes
in the routine analysis strategy (Sagiya 2004). The ana-
lysis strategy of the current so-called F3 is described in
detail by Nakagawa et al. (2009). The GPS data dating
back to March 1996 were re-analyzed to obtain daily co-
ordinates through use of the uniform F3 strategy. Before
March 1996, 110 GPS stations were installed in the
southern Kanto and Tokai areas from 1993 to 1994, and
100 GPS stations were deployed to cover the whole of
Japan in 1994 (Hatanaka et al. 2003). Hatanaka et al.
(2004) re-analyzed GPS data to obtain daily coordinates
for these 220 stations in conformance with the older so-
called F2 strategy (Hatanaka et al. 2003).
GPS daily coordinate data after March 1996
We used daily coordinates of the GEONET F3 solution
first. The strategy of GEONET F3 (Nakagawa et al. 2009)is briefly summarized as follows. The GPS data are ana-
lyzed with Bernese GPS software version 5.0 using the
final ephemerides of the International Global Navigation
Satellite Systems Service (IGS). The site coordinates of the
GEONET stations are compared with those in the Inter-
national Terrestrial Reference Frame (ITRF) 2005 (IGS05)
by tightly constraining coordinates of IGS global sites to
the a priori values of the ITRF2005. The strategy includes
the estimation of atmospheric delay gradients.
Displacements derived from the GPS data include those
from steady crustal deformation due to subduction of the
Philippine Sea plate as well as those caused by episodic
events such as long-term SSEs. The events that have influ-
enced the crustal deformation around the Kii Channel
after 1996 are as follows: (1) the 2000 western Tottori
earthquake (M 7.3) on October 6, 2000; (2) the 2001
Geiyo earthquake (M 6.7) on March 24, 2001; (3) the 2004
off the Kii Peninsula earthquakes (M 7.1 and 7.4) on
September 5, 2004; (4) the 2011 off the Pacific coast of
Tohoku earthquake (M 9.0) on March 11, 2011; and (5)
long-term SSEs in the Bungo Channel during 1996 to
1997, 2003, and 2009 to 2010. In addition, postseismic
displacements were widely observed after the 2004 off
the Kii Peninsula earthquakes (Suito and Ozawa 2009)
and the 2011 Tohoku earthquake (Ozawa et al. 2011).
We estimated the steady deformation rate at each GPS
station for 3 years from October 1997 to September
2000, avoiding periods of these events. Annual and
semiannual terms are often seen in GPS coordinates
(Mao et al. 1999), and they are not fully eliminated
(Nakagawa et al. 2009). Therefore, we avoided their in-
fluence by using the difference of the coordinates in the
same month among years. Then, we removed the esti-
mated steady deformation rate from the data for the
entire period. We also subtracted offsets due to antenna
replacements by using an offset dataset [http://mekira.
gsi.go.jp/JAPANESE/corrf3o.dat].
Displacements were derived from the difference in the
mean coordinates of the 2-month periods at the start
and the end of the assigned period. Standard deviations
of the daily coordinates were calculated from the
detrended data for the period from October 1997 to
September 2000. Standard deviations of the displace-
ments were evaluated by dividing the standard deviation




, where n is the number of




comes from the dis-
placement which is the difference between two coordinates
(Murakami and Ozawa 2004). Standard deviations of hori-
zontal and vertical displacements were 2 to 3 mm and 4 to
6 mm, respectively.
The results around the Kii Channel for the 2 years
starting from March 1996 (Figure 2) show unsteady dis-
placement of southwestern Shikoku caused by a long-
term SSE around the Bungo Channel from 1996 to 1997
Figure 2 Detrended displacements for the period between
March-April 1996 and March-April 1998. (a) Horizontal
displacements. (b) Vertical displacements. The solid circle is the
epicenter of the 1995 Hyogo-ken Nanbu (Kobe) earthquake. Ellipses
indicate standard deviation errors. Displacement of the fix point has
been subtracted from each point. Pairs of stations joined by lines
correspond to the time series shown in Figure 3.
Figure 3 Baseline length changes and relative height changes.
(a) Baseline length changes between pairs of selected stations
(indicated by the numbers); upward direction indicates extension.
(b) Relative height changes between selected stations; upward
direction indicates uplift of the second station. Station locations are
plotted in Figure 2. Shading indicates the duration of the long-term
SSE. Vertical line represents a pair of earthquakes (M 7.1 and 7.4) off
the Kii Peninsula.
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Chugoku district and northern Kii Peninsula were small,
meaning that the observation points in these areas
showed steady movements during the 2 years. Unsteady
eastward or southeastward displacements of about 1 cm,
which exceeded the standard deviation, were apparent
around the Kii Channel. Changes in the baseline length
between various stations in the Chugoku district and
around the Kii Channel (see examples in Figure 3a) wererecognized between 1996 and 1997. Relative height changes
of about 1 cm between these stations (Figure 3b) occurred
over the same period, although the signal-to-noise ratio
was small.
The Hyogo-ken Nanbu (Kobe) earthquake (M 7.3) oc-
curred near the Kii Channel in January 1995. Nakano and
Hirahara (1997) reported that postseismic deformation
reached 20 mm, as was indicated by GPS observations im-
mediately after the earthquake, and they estimated that
the relaxation time constant was about 50 days. We there-
fore assumed that the amount of change in January 1996,
1 year later, was negligible.
GPS daily coordinate data before March 1996
Because the displacement change was initiated before
March 1996, we used daily coordinates of the GEONET
F2 solution (Hatanaka et al. 2004). These data were ana-
lyzed with Bernese GPS software version 4.2 using IGS
final ephemerides and earth rotation parameters based
on the ITRF2000 (IGS00). This strategy does not include
the estimation of atmospheric delay gradients. The
Figure 5 Detrended horizontal displacements at GPS sites from
March-April 1996 to March-April 1998 used for slip estimation.
Displacement of the fix point has been subtracted from each point.
Black arrows indicate observations, while white arrows indicate
calculated values.
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have a common station in Tsukuba whose coordinates
are strongly constrained to values derived from a priori
coordinates and velocity. This station has an anomalous
annual component due to groundwater-induced vertical
movements (Munekane et al. 2004); therefore, the coor-
dinates of the F2 solution include annual variation.
These error factors can be reduced by measuring dis-
placements over short baselines. The daily coordinates of
the F2 solution were analyzed up to July 1996. In Figure 4,
we combined the adjusted baseline data of the F3 data by
using the period of overlap from March to July 1996 to
match a trend in the two records. The baseline length
change rate was almost constant from October 1994
through 1995, and unsteady change seemed to start in
early 1996. The duration of the unsteady change was 1 to
1.5 years in length.
Estimation of the slip distribution
The unsteady horizontal displacement around the Kii
Channel from 1996 to 1997 was as small as 1 cm. This
small displacement can be seen across multiple stations
and is thus unlikely to have been due to local phenom-
ena specific to each station. We assumed that the un-
steady displacement was caused by a long-term SSE. We
estimated the slip vector on the plate interface by the in-
version technique (Yabuki and Matsu'ura 1992) with some
modifications (Naito and Yoshikawa 1999; Yamamoto
2005) using the point source formulation of Okada (1992).
The method of Yabuki and Matsu'ura (1992) represents
the slip distribution and fault configuration with the
superposition of B spline functions. We estimated slip vec-
tors using boxcar functions with a smoothness constraint
for regularization. The smoothness was determined so as
to minimize Akaike's Bayesian Information Criterion
(ABIC, Akaike 1980). The unsteady displacement appears
to have started from the beginning of 1996, but we used
the horizontal displacements starting from March 1996
for the inversion (Figure 5). We used a 17 × 21 grid of
point sources on the plate interface and the plate interface
configuration of Hirose et al. (2008) to calculate the slipFigure 4 Baseline length change between stations 0077 and
0081 (locations in Figure 2). Upward direction indicates extension.
Red dots denote daily coordinate of the F2 solution.vectors (Figure 6). The grid interval of the north-south
direction was about 11 km, and that of the east-west dir-
ection was about 9 km. We set the slip to zero at the out-
side of the grids. Dip and strike angles were derived from
the plate configuration using continuous curvature splines
in tension (Smith and Wessel 1990).
Results and discussion
Slip distribution of the long-term slow slip
We found unsteady horizontal displacement around the
Kii Channel from 1996 to 1997. Estimated slip distribu-
tion that caused the displacement is shown in Figure 6.
The slip beneath the Kii Channel showed a southeast-
ward motion. For the Bungo Channel and the Tokai area
along the Nankai Trough, the slip area of long-term
SSEs was located on the updip side of the deep low-
frequency tremor source region (Obara 2011). Deep
low-frequency tremors have also been observed on the
downdip side of long-term SSEs at subduction zones in
Alaska (Peterson and Christensen 2009) and Mexico
(Kostoglodov et al. 2010). Activation of the low-frequency
tremors has been reported in association with the occur-
rence of the long-term SSEs (Hirose and Obara 2005;
Kobayashi et al. 2006). Low-frequency tremors along the
Nankai Trough are distributed in a belt-like zone at
depths of about 30 km on the plate interface, and a dis-
tinct gap occurs in the Kii Channel (Obara 2009). The
center of our estimated distribution of slip on the plate
interface in the Kii Channel (Figure 6) is at depths of 20 to
Figure 6 Estimated slip distribution from March-April 1996 to
March-April 1998. Slip arrows indicate the motion of the overriding
plate against the subducting Philippine Sea plate. Small circles at the
tips of arrows in the upper figure indicate the estimation errors. Slip
arrows in the lower figure were selected when sizes were greater
than the errors, and slip directions ranged between east and south.
Green circles indicate the epicenters of low-frequency earthquakes from
January 2006 to December 2010. Thin black contours show the depths
of the upper boundary of the Philippine Sea slab (Hirose et al. 2008).
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long-term SSEs and deep low-frequency tremors pre-
viously reported. However, the slip distribution in the
Kii Channel is adjacent to a gap in the deep low-
frequency tremor episodes along the Nankai Trough. This
gap is considered to reflect a genuine absence of detect-
able tremors, rather than a gap in observation points
(Obara and Hirose 2005). Nishimura et al. (2013) esti-
mated short-term SSEs along the Nankai Trough using
GPS data. They found no definite short-term SSEs in the
Kii Channel. Our data indicate that long-term SSEs may
also occur adjacent to the inactive region of low-
frequency tremors.
Although we used GPS data starting from March 1996
for our estimation, the long-term SSE seems to have
started slightly earlier (Figure 4). Therefore, the total slip
must be larger than our estimate. The ratio between the
change from January 1996 and the change from March
1996 is 1.15 times from Figure 4. This ratio represents a
value in a baseline length, but we assumed that it is ap-
plicable to the whole slip. We selected slips whose sizes
were greater than the errors, and slip directions ranged
between east and south (Figure 6). Applying a factor of
1.15 times, the energy released in the long-term SSE
from 1996 would be equivalent to an earthquake of Mw
6.7 assuming a rigidity of 40 GPa. Estimated moment
magnitudes of the long-term SSEs along the Nankai
Trough are Mw 7.1 for the Tokai region (Suito and
Ozawa 2009), Mw 7.0 to 7.1 (Ozawa et al. 2013) for the
Bungo Channel, Mw 6.7 to 6.8 (Yarai and Ozawa 2013)
for the Hyuga-nada, and Mw 6.5 (Kobayashi 2010) for
western Shikoku. The moment magnitude of the long-
term SSE in the Kii Channel estimated here is smaller
than that of the Tokai and the Bungo Channel, and is
comparable to that of the Hyuga-nada.
Along-strike variation of the long-term slow slip events
Along the Nankai Trough, long-term SSEs have been ob-
served in some segments as mentioned above. Mitsui and
Hirahara (2006) compiled the features of globally detected
long-term SSEs and pointed out that the slab dip and its
lateral change are important factors for controlling their
occurrences. Schmidt and Gao (2010) analyzed SSEs on
the Cascadia subduction zone from 1998 to 2008 and re-
ported that the area of the greatest cumulative slip corre-
lates with the along-strike bend of the subduction zone.
Kii Channel is located on the along-strike bend of the iso-
depth contours of the Philippine Sea plate (Hirose et al.
2008) (Figure 6). These reports are consistent with the fact
that a long-term SSE has occurred in the Kii Channel.
Long-term SSEs before GPS deployment have been in-
vestigated using other geodetic methods along the Nankai
Trough. Figure 7 shows the spatiotemporal distribution of
these long-term SSEs. In the Tokai region, two long-term
Figure 7 Spatiotemporal distribution of long-term slow slip
events along the Nankai Trough. Dots represent the epicenters of
low-frequency earthquakes from January 2006 to December 2010.
The gray rectangle indicates the investigation period using leveling
and sea-level data (Kobayashi and Yamamoto 2011; Kobayashi 2012;
Kobayashi 2013). T: Tokai (Kobayashi and Yoshida 2004; Yamamoto
et al. 2005; Suito and Ozawa 2009). KP: Kii Peninsula (Kobayashi 2013).
KC: Kii Channel (this study). S1: central Shikoku (Kobayashi 2012). S2:
western Shikoku (Kobayashi 2010). B: Bungo Channel (Hirose et al. 1999;
Kobayashi and Yamamoto 2011; Ozawa et al. 2013). H: Hyuga-nada
(Yarai and Ozawa 2013).
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have been reported using sea-level data (Kobayashi and
Yoshida 2004). Yamamoto et al. (2005) reported a long-
term SSE of 1988 to 1990 using tilt data. The timing of
the event estimated from the different types of data is con-
sistent. In the Bungo Channel, Kobayashi and Yamamoto
(2011) reported three long-term SSEs using leveling and
sea-level data for the period from 1979 to 1991. The re-
currence time of the SSEs is rather stable and is about 5 to
6 years. In central Shikoku, Kobayashi (2012) reported a
long-term SSE around 1978 to 1980 using leveling and
sea-level data. Such an event has not been observed by
GPS since 1996 in this area. In the Kii Peninsula, a long-
term SSE has not yet been observed by GPS and leveling
data since 1980 (Kobayashi 2013). Thus, the characteris-
tics of long-term SSEs are different along the strike of the
Nankai Trough.
Along the Nankai Trough, the maximum slip-deficit
rate is estimated off Shikoku (Ito and Hashimoto 2004;
Yoshioka and Matsuoka 2013). Epicenters of the 1944
Tonankai earthquake and the 1946 Nankai earthquake
are located off the coast of the Kii Peninsula (Figure 1)
where the slip-deficit rate is relatively low. A long-term SSE
has not yet been observed in the southern Kii Peninsula
close to these epicenters. Hirose et al. (2009) numerically
simulated earthquakes and long-term SSEs along the Nankai
Trough using a three-dimensional earthquake cycle model.
They pointed out the possibility that one of the long-term
SSEs is accelerated and leads to an earthquake. Along the
Nankai Trough, including the southern Kii Peninsula, it isnecessary to store information about the history of long-
term SSEs for the prediction of large earthquakes.
Conclusions
In this paper, we have reported on a long-term slow slip
event that occurred from 1996 to 1997 in the Kii Channel
along the Nankai Trough in southwestern Japan. Unsteady
eastward or southeastward displacements were seen
around the Kii Channel using detrended GPS daily coord-
inate data. The duration of the event was 1 to 1.5 years in
length. The estimated magnitude of the event was equiva-
lent to Mw 6.7. The moment magnitude of the event was
smaller than those of Tokai and the Bungo Channel along
the Nankai Trough. The slip was located slightly shallower
in comparison with the depth of the low-frequency earth-
quakes around the Kii Channel. The characteristics of
long-term slow slip events are different along the strike of
the Nankai Trough. More information about the history
of long-term slow slip events would be valuable for
improving our understanding of plate boundary character-
istics and the prediction of large earthquakes.
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